Cryo-electron microscopy (cryo-EM) has made great impacts on structural biology. However, specimen preparation remains a major bottleneck. Here, we report a simple method for preparing cryo-EM specimens, named Preassis, in which the excess liquid is removed by introducing a pressure gradient through the EM grid. We show the unique advantages of Preassis in handling samples with low concentrations of protein single particles and microcrystals in a wide range of buffer conditions. 2
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More importantly, the method is simple and easy to implement, and no special EM grids are required. With minor modifications, the Preassis setup can be adapted to existing cryo-EM vitrification devices, making it widely accessible to various cryo-EM labs.
The basic concept of Preassis is to pull a portion of sample suspension through an EM grid by introducing a pressure gradient near the grid and simultaneously remove the extra liquid from the backside of the grid by suction. The thickness of the liquid on the EM grid is controlled by the pressure gradient and suction time. We propose two setups, setup A where the EM grid is held by a tweezer (Fig. 1a) and setup B where the EM grid is rested on a filter paper ( Fig.   2a ). Both setups can be applied for single particles and micro-crystals. In the setup A, a suction tube is placed near the grid to remove the liquid, which is blot-free. This setup can be easily implemented as an add-on to existing cryo-EM vitrification devices (such as FEI Vitrobot, Supplementary Fig. 1 ) that control the humidity, temperature, and plunge-freezing.
In this setup, the EM grid can be pre-clipped (e.g. the sample clipping process used for autoloading) to prevent it from bending caused by the suction force during liquid removal.
Alternatively, the EM grid can be supported using a small strip of filter paper. The setup B ( Fig. 2a ) is simpler and more efficient to remove liquids, making it ideal for preparation of samples that are less sensitive to humidity and temperature, e.g. protein micro-crystals, especially those in viscous buffers. The setup A (Fig. 1a) is more flexible and can adapt different conditions, making it more suitable for protein single particle.
The setup A of Preassis was applied to three single particle samples: apoferritin, a yeast respiratory supercomplex 13 , and a membrane protein. Normal Quantifoil grids were used for all experiments. First apoferritin was used as a test sample. As shown from the TEM images of apoferritin prepared by Vitrobot (3.5 mg/ml, Fig. 1b ) and Preassis (0.35 mg/ml, Fig. 1c ), 10 times lower protein concentration was needed by using Preassis to achieve the same particle density than that by using Vitrobot. For a good single particle data collection of 4 apoferritin, the concentration was further lowered to 0.18 mg/ml ( Fig. 1d) . Single particle 2D classification and 3D reconstruction demonstrate that the protein structure was intact throughout the specimen preparation process of Preassis ( Supplementary Fig. 2a ).
This method can also be applied to proteins with a strong affinity to carbon films (e.g. yeast respiratory supercomplexes), which are often prepared on EM grids coated with a carbon film, leading to reduced contrast of the images 13 . As shown in Fig. 1e and f, the supercomplexes (1.5 mg/ml) prepared using Preassis are nicely distributed within the holes of a normal
Quantifoil grid. 2D classification shows that the structure of the molecules is preserved ( Supplementary Fig. 2b ). The third sample was a membrane protein (transporter) with a concentration of 0.4 mg/ml, 10 times lower than what was required by Vitrobot. Using Preassis, cryo-EM grids with a good distribution of the membrane proteins in the hole could be obtained, as shown in Fig. 1g . These results demonstrate that Preassis has great advantages for samples with very low concentrations and those with a strong affinity to carbon films.
Cryo-electron tomography (cryo-ET) was performed on the three protein specimens prepared by Preassis in order to understand the particle/ice behaviours. It was found that while a majority of apoferritin molecules are near the air-water interface (Supplementary Video 1, Supplementary Fig. 3) , the supercomplex and the membrane protein particles are evenly distributed inside the amorphous ice layer (Supplementary Video 2 and Video 3, Supplementary Figs. 4 and 5 ). This shows that particle and ice behaviours can vary widely among different samples, which was also observed by other specimen preparation methods 14 .
The parameters used for specimen preparation need to be tuned based on sample conditions. For Preassis, the thickness of the vitrified ice can be adjusted by changing the pressure gradient, the time over which the suction is applied, and the hole size of EM grids. By optimising these parameters, suitable ice thickness and particle distributions can be obtained over a large area on the EM grid ( Supplementary Fig. 6 ).
The setup B of Preassis was applied for the preparation of three types of protein microcrystals for MicroED specimens. First, micro-crystals of lysozyme and ribonucleotide reductase R2 subunit (R2), grown from low viscous media, were tested. The lysozyme crystals prepared by Preassis diffracted to 2 Å ( Supplementary Fig. 7a and b) , similar to those prepared by Vitrobot 15 . The R2 crystals diffracted to about 4 Å ( Supplementary Fig.   7c and d) . In addition, the number of crystals on the cryo-EM grid prepared by Preassis was significantly increased compared to that prepared by Vitrobot ( Supplementary Fig. 8 ). It is of interest to note that the thickness of the vitrified ice layer can be adjusted by selecting grids with different hole sizes and by changing the strength of the suction ( Supplementary   Fig. 9 ). By reducing the ice thickness, the signal-to-noise ratio of the measured electron diffraction intensities and resolution of the diffraction data can be greatly improved. However, when too much water is removed, the crystallinity deteriorates due to dehydration.
The most important feature of Preassis is its ability to handle protein crystals grown in highly viscous buffers. We applied Preassis to micro-crystals of Sulfolobus acidocaldarius R2-like ligand-binding oxidase (SaR2lox) ( Fig. 2c and f) grown with 44% polyethylene glycol (PEG) 400, which is highly viscous. It was difficult to remove the liquid by Vitrobot even using extreme blotting conditions (2 layers of filter paper on each side, strong blotting force 16, and long blotting time 10 s); the vitrified ice was still too thick and very few crystals remained on the grid ( Fig. 2b-d) . By using the setup B and EM grids with a large hole size, the viscous liquids could be efficiently removed and many SaR2lox crystals were found over a large area on the EM grid ( Fig. 2e-g) . Importantly, by reducing the vitrified ice thickness, the resolution of the electron diffraction data was significantly improved from 9 Å to 3.0 Å. This allowed the collection of good MicroED data on SaR2lox crystals (Supplementary Video 4), which 6 was crucial for the structure determination of SaR2lox, the first novel protein structure solved by MicroED 9 .
Preassis is a simple and promising method for preparing cryo-EM specimens of single particles and micro-crystals. Our results demonstrate that the method can greatly reduce the sample consumption compared to the conventional pipetting-blotting-plunging method, which is important for proteins that are difficult to purify or concentrate. In addition, this method is widely applicable for MicroED specimen preparation, especially for crystals grown in highly-viscous media. We believe that, unlike the blotting routine, Preassis can be applied to targets from the vast majority of the commercially available crystallisation screen conditions, including crystals grown in lipid cubic phase. We are currently prototyping an add-on to the Vitrobot to make Preassis more controllable in order to improve the reproducibility. New implementations of Preassis in order to reduce the preferred orientation of single particles 16, 17 are also being investigated, such as manipulating the directions of the suction, speeding up the plunge-freezing time and applying magnetic fields during the plunge-freezing process. Preassis is simple and can be easily implemented in any cryo-EM labs. We believe that this method will provide new opportunities for cryo-EM studies of samples that cannot be studied today and make large impacts in structural biology and life science. (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.2% n-Nonyl-β-D-Maltopyranoside). Finally, the protein was concentrated at 4 mg/ml. For our study, the protein suspension was further diluted to 0.4 mg/ml by a buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.2% n-Nonyl-β-D-Maltopyranoside (Anatrace)).
Protein micro-crystal samples
Lysozyme. Hen egg-white lysozyme micro-crystal sample was produced as described by Xu et al. 15 . In brief, the protein was crystallised using the hanging drop vapour diffusion method 
Ribonucleotide reductase R2 subunit (R2) Crystal. Crystal sample of the R2 protein from
Saccharopolyspora erythraea was produced as described by Fuller et al. 18 In brief, the protein was crystallised using the batch method where a crystallisation buffer consisting of 10% (w/v) polyethylene glycol (PEG) 3350 and 1% (v/v) tacsimate pH 4.0 was added to the protein solution at 20 mg/ml in a 1:1 protein solution to crystallisation buffer ratio. Squarebipyramidal-shaped crystals appeared overnight at 21 °C. The original size of R2 crystals was too large for MicroED data collection. Vortexing was used to fragment these crystals as described by Cruz et al. 19 .
Sulfolobus acidocaldarius R2-like ligand-binding oxidase (SaR2lox). Crystal sample of the
SaR2lox protein was produced as described by Xu et al. 9 In brief, the protein was crystallised 
Specimen preparations by Preassis
Single particles. Single particle cryo-EM specimens were prepared using the setup A of Preassis (Fig. 1a) Figs. 2-6 .
Lysozyme and R2 crystals. Cryo-EM specimens of lysozyme and R2 crystals for MicroED experiments were prepared using the setup B of Preassis (Fig. 2a) . The results are shown in Supplementary Figs. 5-9 . The preparation conditions were the same for both samples. Two types of Quantifoil grids with different hole sizes were tested, Quantifoil R 3.5/1 (Supplementary Figs. 7-9 ) and Quantifoil R 1.2/1.3 (Supplementary Fig. 9 ). The grids were glow discharged with 20 mA current for 60 s (10 s hold). The pressure used to produce the suction was -17.3 mbar. The time from applying the sample to plunge-freezing was ca 5 s.
SaR2lox crystals. The setup B of Preassis was also used for the preparation of the SaR2lox crystals. Quantifoil grids (R 3.5/1) were used. The grids were glow discharged with 20 mA current for 60 s (10 s hold). Due to the large viscosity of this sample suspension, higher 1 3 pressure (-30.7 mbar) was used to produce the suction. The time from applying the sample to plunge-freezing was ca 5 s. The results are shown in Fig. 2b-g .
Cryo-EM specimen preparations by the conventional pipetting-blotting-plunging method
For comparison, cryo-EM specimens of the apoferritin particles, lysozyme crystals, and
SaR2lox crystals were also prepared by the conventional pipetting-blotting-plunging method using Vitrobot Mark IV. blotting force.
Single-particle cryo-EM data collection 1 4 Apoferritin. Single-particle data of apoferritin were collected in counting mode on a Titan Krios (Thermo Fisher Scientific) equipped with energy filter and a K2 camera (Gatan, Inc).
The microscope was operated at 300 kV with a nominal magnification of 130,000 ×, giving a calibrated pixel size of 1.06 Å/pixel. The dose on the camera was 4.8 e -/pixel and the total dose was 39.6 e -/Å 2 distributed over 44 frames.
Yeast respiratory supercomplex. Single particle data of yeast respiratory supercomplexes were collected on a Talos Arctica equipped with a Falcon 3 camera (Thermo Fisher Scientific) in linear mode. The microscope was operated at 200 kV at a nominal magnification of 92,000
× giving a calibrated pixel size of 1.54 Å/pixel.
Single-particle cryo-EM data processing
Movie frames alignment with dose weighting 20 , CTF estimation with Gctf 21 , automatic particle picking 22 , particles extraction and 2D classification (Relion 3.0 23 ) was performed onthe-fly using the Scipion-box suite 24 . Processing was continued using Relion 3.0 within the Scipion interface. After a series of 3D classifications and auto-refinements with octahedral symmetry, a final map at 3.2 Å resolution of apoferritin was obtained from 20,243 particles.
For the respiratory supercomplex, the processing was performed up to 2D classification.
Cryo-ET data collection
Tomography data were collected on a Titan Krios (Thermo Fisher Scientific) equipped with an energy filter and a K2 counting camera (Gatan, Inc.). The tilt step was 2° and most tilt series were collected in the range of -50° to 50°. The image dose was 1.4 e -/Å 2 , and the pixel size was 3.45 Å/pixel. 1 5 The IMOD software package was used for the alignment of the image tilt series, using paths as fiducial markers before tomograms were reconstructed by weighted back-projection 25 . Tilt series were not CTF-corrected. Particles in the reconstructed tomograms were picked manually using 3dmod in IMOD. Subtomogram averaging was done using the PEET software 26 to get 3D models of the apoferritin, yeast respiratory supercomplex, and membrane protein. The UCSD Chimera software package was used for 3D visualisation of the distribution of apoferritin particles 27 . The sizes of the supercomplex and membrane protein particles were artificially reduced in the reconstructed 3D tomography model for a clearer representation of their distributions.
Cryo-ET data processing and subtomogram averaging

TEM image collection
TEM images were collected at 200 kV under cryogenic conditions using a Gatan 914 cryotransfer holder. Images in Fig. 1b, c, and e, and Supplementary Fig. 6 were collected on a JEOL JEM-2100FEG transmission electron microscope (TEM) using a Gatan Ultrascan 1000 CCD camera. Images in Supplementary Figs. 7-9 were collected on a JEOL JEM-2100LaB 6 TEM using an Orius detector.
Electron diffraction data collection
MicroED data and selected-area electron diffraction (SAED) patterns were collected under cryogenic conditions using a Gatan 914 cryo-transfer holder on a JEOL JEM-2100LaB 6 Fig. 7b and Supplementary Fig. 
